Since the discovery of protein kinases, protein phosphorylation has emerged as a key regulatory mechanism. The majority of phosphoproteins reside within the nucleus and cytoplasm; however, many secreted proteins are phosphorylated by unknown kinases located within the secretory pathway and/or in the extracellular space. The Fam20 kinases are emerging as the enzymes responsible for phosphorylating secreted proteins and proteoglycans. Evolutionary analysis reveals that these kinases are exclusively present in metazoans and contain conserved features that are common among all eukaryotic protein kinases. Mutations in the Fam20 family members cause disorders of biomineralization in humans that highlight the physiological significance of secreted protein phosphorylation.
Introduction
Eukaryotic protein kinases phosphorylate a diverse array of substrates, most of which are located within the cell [1] . In the extracellular space, numerous phosphoproteins are present, and multisite phosphorylation appears to be a common theme [2] [3] [4] [5] . For example, milk caseins are highly phosphorylated proteins and are used in protein kinase research as model substrates to detect acidophilic protein kinase activity [6] . Casein was first shown to contain phosphate in 1883 [7] and was the substrate of choice by Burnett and Kennedy [8] in their classic study describing the first detection of protein kinase activity. Ironically, the physiological casein kinase, also known as G-CK (Golgi casein kinase), was never identified molecularly. It should be noted that the kinases commonly referred to as casein kinase 1 and casein kinase 2 do not mediate physiological phosphorylation of casein because they are localized in the cytosol and nucleus and would probably never encounter casein in the secretory pathway. G-CK has unusual properties for a protein kinase including a preference for Mn 2 + or Co 2 + as the activating cation, inability to substitute GTP for ATP as the phosphoryl donor and insensitivity to staurosporine [9] . Furthermore, G-CK specifically phosphorylates peptide substrates at S-X-E/pS motifs [10] . The importance of identifying G-CK is highlighted by the fact that some 75% of the human serum and cerebrospinal fluid phosphoproteome contains phosphate within the S-X-E/S (Ser-Xaa-Glu/Ser) motif [2, 3, 11] . Indeed, several laboratories attempted to purify G-CK to determine its primary amino acid sequence [9, [12] [13] [14] [15] . However, its identity remained enigmatic until recently.
Almost all proteins that enter the secretory pathway have a short sequence of hydrophobic amino acids at the N-terminus called the signal peptide/signal anchor. In 2008, Ishikawa et al. [16] discovered that four-jointed, a protein that bears little resemblance to members of the protein kinase family, was endowed with protein kinase activity. Four-jointed also has a signal anchor that orients its kinase domain in the lumen of the ER (endoplasmic reticulum)/Golgi. Therefore, to identify candidates for G-CK, we used the human fourjointed sequence and identified a family of related proteins using PSI-BLAST (Position-Specific Iterative Basic Local Alignment Search Tool) [17] . Members include Fam20 (family with sequence similarity 20) consisting of three members: Fam20A, Fam20B and Fam20C. Previous work had shown that Fam20B was a kinase that phosphorylated xylose within the tetrasaccharide core region of proteoglycans [18] . Analysis of the sequences of these proteins revealed the presence of an N-terminal signal peptide/signal anchor and a conserved C-terminal domain of unknown function. Fam20C phosphorylated casein and shared common properties with G-CK. Fam20C also phosphorylated several members of the SCPP (secretory calcium-binding phosphoprotein) family, including the SIBLINGs (small integrin-binding ligand Nlinked glycoproteins) [17] . Furthermore, recent work from the laboratories of Lorenzo Pinna [19] and Kenneth Irvine [20] has corroborated our results, thus providing strong evidence that Fam20C and G-CK are the same enzyme.
Unique features of the Fam20 kinase family
Sequence analysis of the Fam20 family of kinases reveals several signature amino acid motifs that define a protein kinase [21] . For example, the glycine-rich loop that covers The Fam20 proteins consist of an N-terminal signal peptide (grey) and regions common to canonical protein kinases. Thr 268 in the glycine-rich loop (Gly-loop) is mutated in FGF23-related hypophosphataemia. An ion pair interaction probably forms between the conserved lysine residue in β-sheet 3 (β3) and the glutamate residue in the αC helix. A highly conserved aspartate residue in the catalytic loop is likely to function as the general base during catalysis, and the aspartate residue in the DFG motif binds divalent cations.
the ATP-binding pocket appears to be present, albeit not as rich in glycine residues as canonical protein kinases ( Figure 1 ). This is not uncommon among atypical protein kinases as this loop is deficient in glycine residues in the phosphoinositide 3-kinases. The importance of this region is highlighted by the fact that mutation of the threonine residue to methionine within this loop in Fam20C causes ectopic calcifications, dental abnormalities and FGF23 (fibroblast growth factor 23)-related hypophosphataemia [22] . It is likely that the substitution affects the conformation of the loop, perturbing ATP binding and subsequent kinase activity.
A hallmark of the active conformation of a protein kinase is the formation of an ion pair between a conserved lysine residue in β3 and a glutamate residue in αC {Lys 72 and Glu 91 in PKA (protein kinase A) [23, 24] } (Figure 1 ). The lysine residue orients the α-and β-phosphate of ATP in the active site of all protein kinases [25, 26] . The glutamate residue stabilizes the conformation of the lysine residue via the salt bridge. Corresponding residues are present in the Fam20 family of kinases (Lys 285 and Glu 311 in human Fam20C). Mutation of these residues in Fam20C impairs protein kinase activity, consistent with their putative role in ATP binding (V.S. Tagliabracci, J. Xiao and J.E. Dixon, unpublished work).
During catalysis, a conserved aspartate within the HRD (His-Arg-Asp) motif probably acts catalytically by abstracting a proton from the hydroxy group of a serine, threonine or tyrosine residue within the phosphoacceptor substrate (Asp 166 in PKA). Curiously, this motif is palindromic in the Fam20 family of kinases and part of a highly conserved DRHHYE motif (Asp 458 -Glu 463 in human Fam20C) (Figure 1 ). Mutation of this aspartate residue completely abolished Fam20C activity (V.S. Tagliabracci, J. Xiao and J.E. Dixon, unpublished work). Notably, the arginine residue N-terminal to the catalytic aspartate residue in the canonical HRD motif is absent from the Fam20 family of kinases. This arginine residue acts to bind phosphate within the activation loop of most eukaryotic protein kinases [25] . The lack of this arginine residue usually indicates that an activation loop phosphorylation event is not necessary for full enzyme activity. It is unclear whether or not the arginine residue in the DRHHYE motif of Fam20 family members can play a synonymous role, or whether or not these kinases are constitutively active.
Active protein kinases require a divalent cation for catalysis, which is co-ordinated by the aspartate residue in the highly conserved DFG (Asp-Phe-Gly) motif (Asp 184 in PKA). A variant motif is present in the Fam20 family of kinases: D(N/H)(A/G) (Asp-Asn/His-Ala-Gly) (Figure 1 17] . Most protein kinases feature two non-consecutive hydrophobic structures referred to as 'spines', consisting of a regulatory R-spine and a catalytic C-spine [25] . The R-spine is made up of two conserved amino acids within the N-lobe and two residues in the C-lobe, one of which is the phenylalanine residue in the DFG motif. The R-spine undergoes dynamic assembly/disassembly and plays a pivotal role in regulating kinase activity. In Fam20 family members, the phenylalanine residue is absent and the presence of an aspargine/histidine residue would be predicted to disrupt the stability of the spine. A broken R-spine signifies an inactive conformation of a protein kinase, therefore it is likely that the Fam20 family has an uncommon spine structure, which will only be revealed once the crystal structures of these enzymes are determined.
In addition to the motifs involved in catalysis and ATP binding, another unique feature of the Fam20 family is the presence of eight highly conserved cysteine residues. Because these kinases function in the secretory pathway, these cysteine residues probably form disulfide bonds and contribute to the structural integrity of the kinases. Furthermore, the Fam20 family members have predicted N-linked glycosylation sites (N-X-S/T; Asn-Xaa-Ser/Thr). Indeed, Fam20C is N-glycosylated [17] . The presence of disulfide bonds and N-linked glycosylated residues are likely to contribute to protein folding and stability.
A metazoan-specific family of kinases
Evolutionary analysis reveals the presence of Fam20 orthologues exclusively in the kingdom Metazoa (Figure 2) . A single Fam20 is present in the most primitive animal, Amphimedon queenslandica (sponge) [27] . By sequence analysis, sponge Fam20 appears to be slightly more closely related to Fam20B (64%, 61% and 55% similar to Fam20B, Fam20C and Fam20A in the kinase domains respectively). This is consistent with the hypothesis proposed by Nalbant musculus), fruitfly (D. melanogaster), nematode worm (C. elegans) and sponge (A. queenslandica). The tree was constructed using ClustalO [48] and Jalview [49] . et al. [28] that the Fam20B subfamily is the direct descendant of the ancestral Fam20 gene and the Fam20A and Fam20C subfamilies arose as a consequence of duplication and evolution of this ancestral gene. However, given the high sequence similarity between the Fam20 family members, experimental data are required to definitively determine the enzymatic specificity of sponge Fam20. Importantly, sponge Fam20 has all the characteristics of a secretory pathwayspecific kinase, including predicted N-linked glycosylation sites, eight conserved cysteine residues and a predicted Nterminal type-2 transmembrane domain necessary to orient the kinase domain in the lumen. Therefore it probably also functions in the ER/Golgi lumen to phosphorylate proteins and/or proteoglycans.
A single Fam20 gene is present in the model organism Caenorhabditis elegans that is 63% similar to Fam20C and 57% similar to Fam20B in the kinase domains. Furthermore, two orthologues are found in Drosophila melanogaster that appear to be Fam20B-and Fam20C-like. Interestingly, xylose phosphorylation within the tetrasaccharide linkage region of proteoglycans has been detected in Drosophila, but not in C. elegans, suggesting that the Fam20 orthologue in C. elegans may be Fam20C-like [29] . Indeed, an ancestral member of the SCPP family, ost-1, is present in C. elegans. Ost-1 binds calcium, contains S-X-E motifs, and may be a candidate substrate for the C. elegans Fam20 orthologue [30] .
Fam20A members appeared with the evolutionary emergence of vertebrates [28] . Although the substrate(s) for Fam20A are unknown, mutations in Fam20A in humans cause AI (amelogenesis imperfecta) and ERS (enamel-renal syndrome), highlighting the important function of Fam20A in vertebrate mineralized tissue homoeostasis [31] [32] [33] [34] .
Fam20 family and human disease
Mutations in FAM20C cause Raine syndrome, a lethal osteosclerotic bone dysplasia characterized by generalized osteosclerosis [35, 36] . Most Raine syndrome patients die within a few weeks after birth; however, non-lethal cases have been described [37] . Loss-of-function mutations in Fam20C probably result in impaired phosphorylation of secreted phosphoproteins, including the SCPPs, which are well known to be involved in mineralized tissue homoeostasis in a manner that is dependent on their phosphorylation [38] . Furthermore, genetic depletion of Fam20C in mice results in bone and teeth phenotypes and hypophosphataemic rickets, but not osteosclerosis [39, 40] . The underlying reason for the discrepancies between species is unknown; however, a recent report identified Fam20C mutations in patients with FGF23-related hypophosphataemia, ectopic calcification and dental abnormalities [22] . FGF23 is a central regulator of mammalian phosphate metabolism and is secreted from osteoblasts and osteocytes, whereupon it is targeted to the kidney to regulate the reabsorption of phosphate and the production and catabolism of 1,25-dihydroxyvitamin D 3 [41] . Several genetic studies have identified critical modulators of FGF23 activity and processing, including the SIBLING and Fam20C substrate DMP1 (dentin matrix protein-1). DMP1 is mutated in patients with an autosomal recessive form of hypophosphataemic rickets and Dmp1-knockout mice have a phenotype that is similar to, although not as severe as, the Fam20c-null mice [39, 42] . Although the molecular mechanisms by which DMP1 regulates FGF23 levels are unknown, it is likely that phosphorylation of DMP1 by Fam20C is critical for the regulation of FGF23.
As mentioned above, FAM20A mutations cause AI and ERS in humans. AI is a clinically and genetically heterogeneous group of disorders of improper enamel formation, whereas ERS patients have renal calcification in addition to the enamel disorders associated with AI. Consistently, loss of Fam20A in mice leads to AI and ectopic calcifications [43] . Interestingly, several secreted phosphoproteins are found in the enamel matrix, some of which are also mutated in AI [44, 45] . To date, no known mutations in Fam20B have been linked to human disease. However, ablation of Fam20B in mice results in embryonic lethality at E13.5 (embryonic day 13.5), and mutations in Fam20B in Danio rerio result in reduced cartilage matrix production and skeletal defects, highlighting a critical role for Fam20B in development [43, 46] .
Conclusion
To date, kinase research has predominantly focused on the phosphorylation of intracellular proteins, which is catalysed by more than 500 kinases comprising the human kinome [47] . Now that the kinases that catalyse phosphorylation of extracellular proteins have been identified, secreted protein phosphorylation is likely to emerge as a common mechanism that regulates many fundamental physiological processes. Much remains to be learned, including the substrates for Fam20A and the detailed molecular mechanisms by which loss of Fam20C function leads to Raine syndrome and hypophosphataemia. Structural information from these kinases will certainly be revealing, given the remote similarities between the Fam20 family members and canonical protein kinases.
